The fundamental abnormality affecting the neuromuscular junctions of myasthenic patients is a reduction of available AChRs, due to an autoimmune attack directed against the receptors. Antibodies to AChR are present in most patients, and there is evidence that they have a predominant pathogenic role in the disease, aided by complement. The mechanism of antibody action involves acceleration of the rate of degradation of AChRs, attributable to cross-linking of the receptors. In addition, antibodies may block AChRs, and may participate in producing destructive changes, perhaps in conjunction with complement. The possibility that cell-mediated mechanisms may play a role in the autoimmune responses of some myasthenic patients remains to be explored. Although the target of the autoimmune attack in myasthenic patients is probably always the acetylcholine receptors, it is not yet clear which of these immune mechanisms are most important. It is likely that the relative role of each mechanism varies from patient to patient. One of the goals of future research will be to identify the relative importance of each of these mechanisms in the individual patient, and to tailor specific immunotherapeutic measures to the abnormalities found.
Reduction ofA ChRs at neuromuscular junction in MG In 1964, Elmqvist and his colleagues first made the important observation that the amplitude of miniature endplate potentials (mepps) was diminished in muscles from patients with MG.3 They concluded that the mepp abnormality was due to a reduction in the amount of ACh contained in a single quantum. However, there are other theoretically possible explanations of decreased mepp amplitudes, including a reduced number of AChRs or a false transmitter. In order to test the receptor hypothesis, we obtained "motor point" biopsies from ten patients with myasthenia gravis and a group of unaffected individuals and disease controls. The strips of muscle containing endplates were incubated with 1251-a-BuTx, to saturate the AChRs, and the excess a-BuTx was removed by washing. The bound 125I-a-BuTx was measured by scintillation counting, and autoradiography. Our findings showed a marked reduction of AChRs at neuromuscular junctions of patients with MG, averaging 80% less than controls.8 11 1 This finding of reduced AChRs at myasthenic neuromuscular junctions has subsequently been confirmed by a-BuTx binding,13 and by electrophysiological methods.14 We have continued to carry out motor point biopsies, and our findings suggest that in many cases measurement of junctional AChRs may be the most sensitive test for MG (Pestronk, Drachman, Josifek, in preparation).
Role of AChR deficit in myasthenia
Our observations raised the question of whether the decrease of available AChRs per se could account for the physiological abnormalities in MG, or whether it represented a secondary phenomenon. In order to explore this question further, we produced pharmacological blockade of AChRs in rats by the use of the a-toxin from the cobra Naja naja atra,15 and compared the resultant changes in neuromuscular transmission with the abnormalities occurring naturally in myasthenia. 16 The most effective method of administration of cobra toxin proved to be a single intravenous injection (12 to 20 tg) followed by a long observation period of up to 14 hours. Evoked potentials were recorded from the calf muscles during repetitive stimulation of the sciatic nerve. Initially, the evoked action potentials declined in amplitude as the AChR sites 602 were blocked by the toxin. Following equilibration of the toxin in the musculature, the compound action potentials returned to normal or near normal amplitudes. Partial blockade of AChRs developed, with a reduced margin of safety of neuromuscular transmission. During this phase, which remained stable for many hours, the "myasthenic" features were readily seen. Repetitive nerve stimulation at 3 Hz reproduced the characteristic decremental pattern of MG. Furthermore, these responses were exaggerated by minute doses of d-tubocurarine (1/30th of the rat curarising dose), which is typical of the response in human MG. Treatment of the rats with neostigmine (2-5 to 7-5 tg intravenously) produced marked improvement or recovery of the decremental responses. Finally, post-tetanic reponses, thought to be particularly characteristic of MG17 were also reproduced by the cobra toxin model. Both the early improvement (post-tetanic potentiation) and later exaggeration of the decremental responses (postactivation exhaustion) occurred in the rats. Thus, from the point of view of the electrophysiological features, the cobra toxin model faithfully reproduced the abnormalities found in human MG. Since the a-toxin of Naja naja atra used in this study has been shown to block AChRs specifically,15 our findings strongly support the hypothesis that a reduction of available receptors per se can account for the defect of neuromuscular transmission in MG.
Autoimmur,e abnormality in MG
The possibility that MG might be an autoimmune disease was originally proposed on the basis of indirect evidence, consisting of a high rate of thymic abnormalities, the association between MG and other presumed autoimmune diseases,7 and reduced complement levels in some patients. 18 A further clue that the autoimmune attack might be directed against AChRs came from the finding that animals immunised with purified AChR in Freund's adjuvant developed a condition analogous to myasthenia. 19 Based on the knowledge of a receptor deficit in MG, and the analogy with the experimental animal model, the search for antibodies directed against AChRs in the human disease was soon begun. Antireceptor antibody was identified by several different methods,20-24 all of which depend on a-BuTx for their specificity. In the most sensitive radioimmunoassay, which detects antibody that binds to AChR labelled with 125I-a-BuTx, elevated titers have been found in 80-90% of patients with MG.23 However, the antibody titre corresponds only approximately to the clinical status of the patients.
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Passive Transfer of MG The question of whether the circulating antibodies are pathogenic, or merely represent a secondary response to AChR damage caused by some other agent, is of paramount importance in understanding the pathogenesis of MG. A well known "experiment in nature" suggested that a circulating factorpossibly immunoglobulin-might be pathogenic: approximately one of every six infants born to myasthenic mothers manifests transient signs of MG during the first few postnatal weeks.26 In the past, the results of numerous attempts 26 to transfer myasthenia from humans to experimental animals or nerve-muscle preparations weie generally negative or were criticised for inherent faults.27 However the possibility of a circulating factor assumed new importance in the light of the discovery of antibodies to AChR. In most previous studies, the exposure to myasthenic serum had been brief, lasting minutes to hours. We wondered whether more prolonged exposure to levels of immunoglobulin corresponding to those in the patient, might be required for the effect to take place. We therefore designed an experiment in which physiologic levels of human myasthenic IgG could be maintained in a hardy strain (B6D2F1) of experimental mice for up to 14 days.28 Immunoglobulin fractions, prepared from the sera of myasthenic patients or controls by ammonium sulfate precipitation, were injected daily into recipient mice. In order to produce tolerance to the foreign serum, we treated the mice with a single dose of cyclophosphamide (300 mg/Kg), 24 hours after the first dose of immunoglobulin, except in experiments lasting less than four days. Some of the experimental mice became clinically weak within a few days and showed decremental responses to repetitive nerve stimulation. The most reliable tests were the measure of miniature endplate potentials and determination of the number of AChRs per neuromuscular junction in the diaphragms of the recipient mice. Passive transfer of immunoglobulins from 94% of patients resulted in decreased mepp amplitudes, decreased AChRs at neuromuscular junctions, or both.29 Purification of immunoglobulin by column chromatography showed that the active fraction was IgG, while IgM was without effect. Furthermore, absorption of IgG by staphylococcal protein A completely eliminated the myasthenogenic effect of the immunoglobulin preparation. Thus, the passive transfer experiment clearly demonstrated the pathogenicity of IgG from myasthenic patients.
Effect of myasthenic IgG on AChRs
Theoretically, myasthenic patients' IgG might reduce the number of available AChRs by several possible Mechaniisms of acetylcholicne receptor loss in myastheniia gravis mechanisms:
(1) It might alter the turnover of AChRs, either by increasing the rate of degradation or by decreasing the rate of synthesis.
(2) It might block the active site of the receptor.
(3) It might damage the AChRs, possibly in conjunction with complement or cellular elements or both.
The evidence now available suggests that accelerated degradation of AChRs, blockade, and damage may all be involved.
Accelerated degradation of AChRs
The studies of the effects of myasthenic IgG on receptor degradation were first carried out in a tissue culture system, using a modification of the method of Devreotes and Fambrough.30 The AChRs are first labelled with 1251-a-BuTx. As the AChR-125I-a-BuTx complexes are endocytosed and degraded, the 1251 is released into the culture medium, primarily in the form of iodotyrosine. The rate of degradation of AChRs can be readily calculated from the rate of release of 1251 in the medium, and is normally approximately 4 % per hour for rat skeletal muscle. When IgG from myasthenic patients was added to the cultures, the AChR degradation rate increased up to two-to three-fold, as compared with the cultures treated with control IgG.31 The antibody-induced acceleration is triggered by IgG alone without requiring other humoral or cellular components of the immune system. Both the normal receptor degradation process and the acceleration produced by myasthenic immunoglobulin are temperature-dependent, suggesting that they involve the active participation of the muscle cells. Suggesting that this must be a very common phenomenon, approximately 75 % of myasthenic patients' serum immunoglobulins produced accelerated degradation of AChRs,32. Similar results have also been reported from other laboratories, using immunoglobulin preparations from human myasthetic patients 33 or EAMG animals.34
Mechanism of accelerated ACChR degradation (fig 1)
(a) Cross linking. We wondered whether the accelerated degradation effect might be due to the ability of each IgG molecule to bind two molecules of AChR.35 lgG molecules are known to be Y-shaped, with two arms capable of binding to two identical antigenic sites, and therefore cross-linking them. For this study, we prepared pure IgG, divalent F(ab')2, and monovalent Fab fragments from myasthenic sera, by standard purification and enzymatic cleavage methods. When added to muscle cultures, (1) Monovalent Fab antibody fragments were first added to the cultures. In this case, a second "piggyback" antibody, directed against the antibody fragments was then added ( fig ID) . The effect of the second antibody was to cross-link the Fab fragments, thus indirectly cross-linking the AChRs. This manoeuver had the same effect in accelerating AChR degradation as did the original divalent antibodies.
(2) In this experiment, we wished to determine whether direct contact of an antibody with the AChR was necessary for accelerated degradation, or Daniel B Drachman et al whether cross-linking per se could produce the same effect. To answer this question, we again used a "piggyback" technique, but here a-BuTx rather than an antibody fragment was attached to the AChRs. Antibodies against a-BuTx were prepared by immunising rabbits with a-BuTx. When cultures labelled with 1251-a-BuTx were treated with the antibodies, the degradation rate was again accelerated two-to three-fold ( fig 1E) . The specificity of this effect was demonstrated by control experiments in which the binding sites of the antibodies were blocked by adding a-BuTx, which completely abolished its effect on degradation. This experiment clearly demonstrated that accelerated degradation is attributable to cross-linking via interposed a-BuTx, without requiring direct contact between antibody and AChR. (b) Selectivity of degradation. Theoretically, the myasthenic IgG might increase AChR degradation by: (a) accelerating the muscle cell's overall receptor degrading mechanism, or (b) altering only AChRs to which IgG is bound, so that the receptors are selectively degraded at a more rapid rate. Our results336 favour the latter possibility.
We prepared cultures in which one set of AChRs was directly exposed to myasthenic patients' IgG for two hours; a second set of AChRs was allowed to develop immediately after the IgG exposure.
Each set of receptors was separately labelled with 1251-a-BuTx, and its degradation rate independently followed.3f (See fig 2 for details.) Our findings showed that only the set of AChRs directly exposed to myasthenic IgG (and therefore having bound IgG) was degraded at an accelerated rate two to three times normal, while the second set of receptors (without bound IgG) was degraded at the control rate. This suggested that the binding of IgG altered the receptors in some way that caused them to be preferentially selected for degradation. (c) Mechanism of loss of AChRs. There is considerable evidence that the normal AChR degradation process begins by endocytosis or "internalisation" of AChRs, which are then degraded by lysosomal enzymes. Presumably, the mechanism of accelerated degradation also involves endocytosis and enzymatic lysis. In both normal and antibody-treated cultures, lowering the temperature to 10°C prevents degradation, indicating that it is an active, energydependent process. The role of lysosomal enzymes in this process is demonstrated by the marked effect of the lysosomal enzyme inhibitors, leupeptin and antipain, in muscle cultures. Both the normal and the antibody-accelerated degradation rates are greatly slowed by these agents (table l) .
There is increasing evidence that endocytosis rather than lysosomal degradation is the rate limiting step in the process of removal of AChRs:
(1) As indicated above,3fi two different rates of degradation can occur simultaneously in a single muscle culture, antibody-bound AChRs being degraded more rapidly than those without bound antibody. This fits the concept of a selective increase in endocytosis brought about by the antibody, but is not consistent with an overall increase in the lysosomal degradation rate. (2) Further, Goldberg et al have reported that treatment of chick muscle cultures with lysosomal enzyme inhibitors retards the release of degradation products into the medium, but does not slow the rate of loss of AChRs from the surface membrane.37 the above findings support the concept that the endocytotic step is rate ilimiting for both normal and antibody-treated AChRs, while the lysosomal enzyme system is capable of degrading all the AChRs 604 group.bmj.com on May 1, 2016 -Published by http://jnnp.bmj.com/ Downloaded from Mechanisms of acetylcholine receptor loss in myasthenia gravis presented to it, unless it is specifically inhibited.
Since many patients benefit from treatment with adrenal corticosteroids, we wondered whether these hormones might in some way reduce the effect of antibody on AChRs. The addition of hydrocortisone, up to 0 5 mg/ml to IgG-treated muscle cultures, failed to interfere with the accelerated degradation produced by myasthenic patients' antibody (table 2). (d) How does myasthenic antibody enhance endocytosis? Although it is clear that myasthenic antibody must cross-link AChRs to induce accelerated degradation, it is not yet certain how cross-linking increases the rate of endocytosis. Autoradiography38 and fluorescence microscopy39 suggest that the addition of antibody from myasthenic patients or EAMG animals causes receptor aggregation. The most likely possibility is that the cross-linked AChR aggregates are recognised because of altered size or mobility within the membrane, and preferentially selected for accelerated degradation.
Effect of myasthenic immunoglobulin on AChRs at intact neuromuscular junctions. There are important differences between the extrajunctional AChRs of cultured muscle, and AChRs of neuromuscular junctions, with respect to physical properties, pharmacology, and kinetics of turnover. 40 These differences have raised questions about the applicability of results of tissue culture experiments to the situation at intact neuromuscular junctions. We therefore studied the effects of myasthenic immunoglobulin on the turnover of AChRs at intact mammalian neuromuscular junctions, both in vivo and in vitro. 41 Labelling of AChRs of intact mouse diaphargms was accomplished by intrathoracic injection of 125I-a-BuTx, and restriction of the mice in the vertical position to allow the toxin to gravitate to the diaphragms. The mice were then given daily intraperitoneal injections of immunoglobulin from individual myasthenic patients or from a control pool. At intervals of 0 to four days, the mice were killed, and the 1251-a-BuTx bound to the diaphragms was determined by gamma counting. The mice treated with myasthenic immunoglobulin showed a loss of radioactivity two to three times as rapid as in the diaphragms of control mice. This indicated a more rapid loss of AChRs (fig 3) . Similar results have been obtained using sera from EAMG rats and whole diaphragms in vitro.53 54 In order to determine whether the loss of AChRs was due to degradation, diaphragms from mice treated in the same way were maintained in organ culture for more than 24 hours. Again, the diaphragms treated with myasthenic patients' IG showed a three-fold acceleration of loss of radio- 13 3-75%±0-11 4-01%±0-14 MG 1 I1-59%±0-99 10-62%±0-21 10-87%±0-77 10-87%±0-93 MG2 9-09%±0-31 8-83%±1-11 8-71%±0-34 9 04%±034 MG3 9 33%±0-32 9-97%±100 8-72%±0-25 9-92%±0±39 Effect of hydrocortisone on degradation rates of AChRs. Degradation rates of AChRs were determined as indicated in the text. Sets of 20 cultures were treated with immunoglobulin from three different myasthenic patients and a control pool. Hydrocortisone, in the concentration indicated, was added to sets of five cultures treated with each serum immunoglobulin preparation. Mean degradation rates are given as percent of AChRs degraded per hour ± S.D. Note the lack of effect of hydrocortisone on either the normal or accelerated degradation rates. activity. The radioactive material released into the culture medium was collected and analyzed by column chromatography. It consisted of a low molecular weight substance, which co-migrated with monoiodotyrosine (fig 4) . Our findings thus con- I  I  I  I   0  5  10  15  20  25 30 Fraction number firmed the degradative nature of the process. These observations indicated that immunoglobulin from myasthenic patients increases the rate of degradation of AChRs at intact neuromuscular junctions of mammalian muscles. This process may represent an important antibody mediated mechanism in human MG.
Blockade of the active site of the AChR
The analogy between MG and curare-like blockade of neuromuscular tiansmission was first pointed out to Mary Walker by D. Denny-Brown, providing the background for her trial of physostigmine. Moreover, Simpson's 1960 hypothesis7 suggested a curare-like antibody capable of blocking AChRs. The first demonstration of anti-AChR antibody in the serum of myasthenic patients was based on its ability to block a-BuTx binding,20 but only a minority (5 of 15) of myasthenic patients' sera produced significant blockade in that report, using solubilised AChR as the test antigen. In reviewing the literature, it appears that the role of AChR site blockade in the pathogenesis of MG has been a matter of continuing controversy. 4244 We have recently developed a method to measure blockade of the active site of AChRs by myasthenic immunoglobulin, using the rat skeletal muscle culture system. The cultures are cooled to 4°C to eliminate degradation, and to minimise possible dissociation of antibody. They are treated overnight in the cold with immunoglobulin prepared from myasthenic patients' sera, and are then saturated with 125I-a-BuTx. The loss of a-BuTx binding sites in the cultures treated with myasthenic immunoglobulin is attributable to AChR blockade. Our findings indicate that serum immunoglobulin from approximately 80 % of myasthenic patients produced significant blockade of 125I-a-BuTx binding. It is not certain whether this represents binding of the antibody directly at, or near, the active site of the AChR. In the latter instance, steric hindrance could account for the blocking effect. Finally, it remains to be seen to what extent AChR bloackade contributes to the clinical manifestations of MG in individual patients.
Complement mediated mechanism of A ChR loss
The effect of complement on AChRs was first demonstrated in the mouse passive transfer model. 29 To test the effect of complement, we depleted mice of the C3 component by the use of "cobra venom factor," a purified fraction derived from the venom of the Indian cobra Naja naja.45 The C3-depleted mice, and non-depleted controls were treated with c 0 Q. Q Mechanisms af acetylcholine receptor loss in myasthenia gravis immunoglobulins from seven different patients. In each case, the C3-depleted mice showed a reduced effect of the immunoglobulin on mepp amplitudes and numbers of AChR per neuromuscular junctions. To test the effect of the latter part of the complement system, we used pairs of C5-deficient and nondeficient strains of mice. Injection of myasthenic immunoglobulin produced equivalent changes in mepp amplitudes and AChRs in both strains of mice. The participation of the early part of the complement systems up to and including C3 in this reaction implies that some effector system in addition to the binding of antibody to receptor may be involved in the pathogenesis of myasthenia. However, the lack of participation of the latter part of the complement cascade (C5-C9) in the cases tested suggests that cell lysis is not required in this reaction, since activation of C5 through C9 generally leads to cytolytic effects.
These findings have received further support from morphological studies demonstrating C3 at neuromuscular junctions of myasthenic patients46 and by studies of complement fixation by antibody from myasthenic patients. 47 We wondered whether complement might play a role in the mechanisms of accelerated degradation and blockade described above. To test this, we again used the rat skeletal muscle tissue culture system. Immunoglobulin from each of four different patients and a control pool was added to rat skeletal muscle cultures. In each case, fresh human complement, heat-inactivated complement or no complement was added to the dishes. At the end of three hours, the cultures were saturated with 125I-a-BuTx, washed, and extracted with Triton X-100. In all cases, the experiments showed that the loss of AChRs induced by myasthenic immunoglobulin was not enhanced by the addition of active complement (table 3) . It thus appears unlikely that complement plays a role in accelerated degradation or blockade induced by myasthenic antibody. What effect does complement have on AChRs? Electron micrographs of neuromuscular junctions from myasthenic patients show that the postsynaptic membrane sometimes undergoes destructive changes. Fragments of membrane with bound complement appear to be released into the synaptic cleft, or occasionally undergo phagocytosis by macrophages. 46 48 Ultimately, the synaptic folds become shortened and simplified. It is not yet clear to what extent the simplification results from complementinduced damage. Alternatively, postsynaptic membrane could be lost as a result of endocytosis during the process of accelerated degradation of AChRs.
Functional alteration of AChRs The mechanisms described above all contribute to the loss or blockade of AChRs. However, the possibility that antibody might also interfere functionally with the AChR-ion translocation mechanism has also been considered. Studies of acetylcholine "noise" have revealed that the open time of ionic channels was normal at neuromuscular junctions of myasthenic patients.49 Other possible mechanism, such as an antibody-induced change in the AChR's affinity for ACh have yet to be explored.
Cell mediated immunity
The present discussion has focused on humoral factors effecting a loss of available AChRs in myasthenia gravis. However, the possibility that cell-mediated immune responses are also involved has been suggested. It is known that lymphocytes from myasthenic patients are stimulated by the presence of purified AChR to undergo blast transformation when incubated in the presence of AChR from electric eels.50 51 In general, stimulation of lymphocytes in response to a specific antigen indicates that the cells have previously been sensitised to that antigen. It is not yet known, however, whether the responding lymphocytes in MG are T cells or B cells, or whether they are capable of participating in cell-mediated effector responses. Histological studies of skeletal muscles from myasthenic patients have revealed occasional local collections of lymphocytes ("lymphorrhages"), suggestive of a cell-mediated process.aa However, the rarity of these findings at neuromuscular junctions suggests that direct cell-mediated destruction of 608 AChRs may not be important in most cases of MG.
In 1934 Mary Walker wrote her famous letter to the Lancet describing the remarkable effect of physostigmine in a patient with myasthenia gravis (MG).1 This provided the first evidence directly implicating an abnormality of the neuromuscular junction in MG. In the debate that followed, it was variously suggested that the motor neuron,2 nerve terminal,34 neurotransmitter,5 receptor,6 or postsynaptic membrane4 6 was the locus of the defect. With remarkable perspicacity, Professor Simpson, to whose honor this paper is dedicated, forthrightly suggested that the acetylcholine "receptor"-at that time merely a hypothetical construct-was primarily involved, and postulated that it was blocked by an autoantibody.7 With the methods then available, the hypothesis could not be tested. It was not until 1973 that we were able to identify the precise nature of the defect in MG as a decrease of available acetylcholine receptors (AChR) at neuromuscular junctions.8 In large measure, this was made possible by the availability of neurotoxins that bind specifically to AChRs, including a-Bungarotoxin (a-BuTx) and other elapid toxins.9 During the past seven years, our understanding of the pathogenesis of the receptor defect in MG, and a rational basis for treatment, have progressed with remarkable rapidity.10 The purpose of this paper is to summarise studies that have contributed to the current concepts of the mechanism of AChR loss in MG.
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